Challenging Minisatellite Payload (CHAMP) radio occultation (RO) observations during a two-week period are assimilated into global analyses using the National Center for Environmental Prediction (NCEP) three-dimensional variational (3D-Var) system with a recently improved observation operator for assimilating GPS bending angle data. The NCEP 3D-Var system used in this research is suboptimal since Advanced Microwave Unit (AMSU) radiances are not included in our experiments. Analyses with and without CHAMP observations are compared with each other and with collocated conventional radiosonde and dropsonde data, which are excluded from both experiments. Zonal mean temperature, humidity and surface pressure differences between the GPS analyses and NO-GPS analyses are examined. The GPS analyses in the Southern Hemisphere show higher temperatures than the NO-GPS analyses, particularly in the mid-and high latitudes. The GPS analyses show drier air in the lower troposphere and more moist air in the middle troposphere compared to the NO-GPS analyses. The surface pressure is slightly increased (maximum 0.8 hPa) in the Southern Hemisphere and decreased (maximum 0.25 hPa)
Introduction
Following the pioneering satellite mission that demonstrated the Global Positioning System (GPS) radio occultation (RO) technique to produce global soundings of the Earth's atmosphere-the GPS/Meteorology (GPS/MET) experiment (Ware et al. 1997) , the German/US CHAMP (Challenging Minisatellite Payload) mission was launched on July 15, 2000, and RO measurements from CHAMP began on February 11, 2001 (Wickert et al. 2001) . CHAMP carries the latest generation JPL (Jet Propulsion Laboratory) GPS receiver, BlackJack, which provides improved signal quality and allows for application of advanced signal tracking techniques (Yunck et al. 2000) . The penetration of occultations into the lowest 1/2 km of the atmosphere over the entire globe has increased from about 30% for the GPS/MET experiment to almost 50% for CHAMP . Having high vertical resolution (0.1-1 km) and high accuracy (< 1 K for temperature, 0.5 g kg À1 for specific humidity) under virtually all weather conditions , GPS occultations are unique and complement other satellite observations, which often have high horizontal resolution, but lower vertical resolution. Assimilation of GPS RO measurements in global analyses has great potential to contribute to climate monitoring, weather forecasting and atmospheric research.
Considerable effort has been made to develop techniques for assimilating RO data into numerical weather prediction (NWP) models. Various strategies for assimilating data were discussed by Eyre (1994) and Kuo et al. (2000) . Kursinski et al. (2000) combined occultation refractivity profiles from GPS/MET data with ECMWF (European Centre for Medium-Range Weather Forecasts) global analyses in a 1D-Var framework. Healy and Eyre (2000) tested the same strategy in a simulated approach. And more recently, Poli et al. (2002) explored this option with the finite volume DAO's DAS background. Palmer et al. (2000 Palmer et al. ( , 2001 proposed to assimilate GPS bending angle data using a forward Abel transform. Von Engeln et al. (2003) basically took the same route to probe the retrieval sensitivity with a 1D-Var tool. Zou et al. (1999 Zou et al. ( , 2000 , Liu et al. (2001) , and Shao and Zou (2003) used a ray-tracing procedure for the assimilation of GPS/MET bending angles. It has been found that the moisture analysis, after the assimilation of GPS/MET refractivity profiles, is in general drier than the original analysis (Kursinski et al. 2000; Palmer et al. 2001) . Interestingly, the comparisons with radiosondes can either be wetter (Palmer et al. 2001) or drier (Poli et al. 2002) , with different backgrounds and/or approaches. Large profileto-profile temperature discrepancies were also found in the tropical lower stratosphere due to real waves (probably gravity waves, e.g., Tsuda et al. 2000) that were not represented in the ECMWF analysis (Kursinski et al. 2000) . Results from assimilating GPS/MET bending angles using a ray-tracing procedure by Zou et al. (2000) , Liu et al. (2001) , and Shao and Zou (2003) are summarized in Section 3.1.
Following the successful demonstration of the assimilation of GPS/MET data, several challenges remain: (i) obtaining a statistical evaluation on the impact of RO measurements to global analyses and forecasts, (ii) assessing the added value of RO observations to global analyses and forecasts in the presence of other observations, (iii) improving the moisture analysis in the lower troposphere with RO observations, (iv) eliminating the degradation in the surface pressure analysis from RO assimilation, and (v) developing a fast and operationally-feasible method for the assimilation of RO occultations.
This research extends previous RO data assimilation studies to the assimilation of CHAMP data and addresses issues (i)-(iv) above. Work on the fifth challenge will be presented in a separate paper. Major differences between this study and our previous GPS data assimilation studies include the use of a higher resolution model (T170L42 instead of T62L28), CHAMP observations, other observations (excluding AMSU data), and a more accurate raytracing operator. The purpose of this effort is to assess the added value of RO observations to global analyses and one-to five-day forecasts.
In Section 2 we provide a brief description of CHAMP occultations. Section 3 provides an overview of the three-dimensional variational (3D-Var) data assimilation algorithm and the experimental design. In Section 4 the zonal and meridional distributions of GPS-derived temperature and moisture increments are presented, and analyses produced with and without CHAMP occultations are compared with collocated conventional observations, which are excluded from both data assimilation experiments. Forecasts from analyses produced with and without CHAMP occultations are evaluated in Section 4, and the summary and conclusions are given in Section 5.
CHAMP GPS radio occultation measurements
GPS RO measurements are based on the time delay of the transmitted GPS radio waves from a GPS satellite occulted behind the Earth as viewed from a low-Earth-orbiting satellite (Fjeldbo et al. 1971) . The magnitude of the delay depends on the density of the Earth's atmosphere. Precise time delay measurements are converted first into an atmospheric Doppler shift measurement and then to a bending angle measurement based on satellite geometry (Melbourne et al. 1992) . The bending angles can be used in a data assimilation system to improve global analyses and forecasts (Zou et al. 1999) .
Improvement to global analyses and forecasts is determined by not only how RO observations are assimilated, but also by RO data availability and quality. Using a new generation of ''semi-codeless'' GPS receivers, accurate tracking of the GPS signals can be made by the CHAMP receiver while Anti-Spoofing (AS) is turned on, i.e., when the GPS signal is encrypted by the Department of Defense. Errors in individual temperature profiles are found to be less than 0.5 K in dry regions where T < 250 K . The new CHAMP receiver substantially increases the fraction of GPS occultations that reach the lower troposphere. The CHAMP mission also provides more daily occultations than the GPS/MET experiment and hence greater spatial coverage.
We use CHAMP observations from July 16 th to July 31 st , 2002 in this study. Details about the CHAMP data and their processing can be found from the UCAR (University Corporation for Atmospheric Research) COSMIC (Constellation Observing System for Meteorology, Ionosphere and Climate) Data Analysis and Archival Center (CDAAC) website (http://www. cosmic.ucar.edu:8080/cdaac/index.html). A total of 3030 occultations were processed and made available during this two-week period. The distribution of the processed data over this period is shown in Fig. 1 . On average, about 200 occultations per day pass the internal quality control (QC) imposed by the UCAR CDAAC RO retrieval procedure. This QC procedure includes the truncation of the L1 signal, the truncation of the L2 signal while keeping the L1, and the noise reduction of bending angles at high altitudes (primarily above 30 km) using the CIRAþQ climatological data (Kirchengast et al. 1999) . A more detailed description about the internal QC can be found in Kuo et al. (2003) . Of those 3030 CHAMP soundings, 1427 CHAMP soundings (47% of the total) penetrated to a level below 850 hPa. No further QC has been done for the acquired bending angle profiles in our subsequent data assimilation experiments. Information provided by CDAAC CHAMP level-2 data that are used for bending angle assimilation is listed in Table 1 . The main difference between CHAMP level-2 data and GPS/ MET level-2 data is that the normal direction of the occultation plane, directly provided in the GPS/MET level-2 data set, is not provided in the CHAMP level-2 data set. Instead, the azimuth angle (denoted by the parameter ''az'' in Table 1 ) is provided. However, the ray-tracing observation operator for direct assimilation of bending angle data requires the normal direc-tion of the ray at the perigee point, which is used to derive the tangent direction for the ray integration (see Section 2 in Zou et al. 1999 ). Calculation of the normal direction, u n occ , based on CHAMP level-2 data, is therefore required. Details of this derivation are presented in Appendix A.
Assimilation of GPS bending angles
and experimental design 3.1 A brief review of GPS RO assimilation The authors' efforts for assimilating GPS RO data started in 1993, before the GPS/MET launch, which occurred on April 3, 1995 (Ware et al. 1996) . Zou et al. (1995) and Kuo et al. (1997) conducted two sets of observing system simulation experiments to assess the potential impact of GPS refractivity data on temperature and moisture field analysis and short-range numerical weather prediction at meso-and synoptic scales, respectively. They found beneficial impacts from assimilating refractivities for the prediction of the blizzard event of March 8, 1992 and an extratropical cyclone known as the ERICA (Experiment on Rapidly Intensifying Cyclones over the Atlantic) IOP (Intensive Observing Period) 4 storm which took place over the Northwestern Atlantic Ocean on January 4-5, 1989 4-5, . Zou et al. (1999 began the development of a ray-tracing method for incorporating GPS bending angle measurements directly into a numerical weather analysis system in order to handle the complicated nonlinear dependence of the RO observations on the atmospheric refractivity along the ray path. By directly assimilating either bending angles or refractivities, the ambiguity between the effects of water vapor and temperature can be avoided. They then linked the ray-tracing model and its tangent linear and adjoint operators into the Spectral Statistical Interpolation (SSI) analysis system of the National Centers for Environmental Prediction (NCEP). The new bending angle assimilation system was tested using over thirty actual GPS/MET observations (Zou et al. 2000) . Liu et al. (2001) assessed the impact of assimilating the GPS bending angle on [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] 1995 . The impact on the global analysis was examined by comparing the analysis produced with the bending angles with 56 collocated radiosonde profiles. Analyses of the temperature and specific humidity above 850 hPa were closer to radiosonde measurements than the original guess fields. They also found that including the bending angles resulted in a small improvement in the short-range (6-h) and medium-range (one to five days) temperature forecast, especially in the Southern Hemisphere. After this preliminary work on GPS data assimilation, further efforts were made to improve the accuracy and efficiency of GPS bending angle assimilation. Zou et al. (2002) carried out a statistical estimate of the errors in the calculation of bending angles caused by a 2D approximation of ray tracing and the assumption of spherical symmetry of the atmosphere. Shao and Zou (2003) studied the sensitivity of assimilating GPS/MET bending angles to the specification of observational weightings. They found that the temperature and the surface pressure are more sensitive than moisture to the specification of weightings. Liu and Zou (2003) improved the accuracy and efficiency of a 2D forward GPS ray-tracing model. The present work is based on the improved bending angle assimilation system.
Experimental design
We use the SSI analysis system of the NCEP for this study. Zou et al. (2000) describe the mathematical formulation of the 3D-Var problem. An incremental approach is used in which the inner loop solves a linear equation for the increment added at each outer loop using a standard linear conjugate-gradient algorithm (Parrish and Derber 1992) . Data assimilation experiments are carried out at a horizontal resolution of T170 (approximately 100 km at the equator). In the vertical, there are a total of 42 s-layers, with the model top located at about 2 hPa (40 km). Data assimilation is conducted at 6-h intervals. At each analysis time, two outer loops and 200 inner loops (100 for each outer loop) are carried out.
As was explained in Zou et al. (1999) , GPS bending angles, as a function of the impact parameter aðaÞ, are incorporated directly into the NCEP SSI system. Starting from the same background field at 00 UTC July 16, 2002, two data assimilation cycles are conducted. The first data assimilation cycle, NO-GPS, includes virtually all observations that were assimilated operationally at NCEP during that time period, except for the NOAA-16 AMSU radiance data 1 . The observations used are summarized at Table 2 . The 6-h forecast initialized by the previous analysis is used as a guess field for the next analysis. The second data assimilation experiment, GPS, is the same as NO-GPS except 1 These data were inadvertently omitted in our experiments. Omission of these data results in lower forecast skill scores than the NCEP operational forecasts and probably results in an overestimation of the impact of the CHAMP RO observations compared to the impact if the AMSU data were included in the experiments.
that CHAMP bending angle observations are added.
A total of 229 out of 3030 CHAMP profiles occurred within a 3-h time window and a 200-km distance of conventional soundings (radiosonde and dropsonde profiles). These collocated conventional soundings, which are excluded from the assimilation in both experiments, are intended for an independent verification. Since the vertical resolution of the data assimilation system is much lower than that of the CHAMP measurements, the CHAMP bending angles are assimilated at selected levels, with an interval of 0.2 km below 3.2 km, 0.4 km between 3.2 and 10 km, 1 km between 10 and 20 km, and 2 km above 20 km. The average number of rays simulated for each occultation is 69.
The natural logarithm of bending angle (ln a) is used as the GPS observational quantity in the cost function J as in Zou et al. (2000) . The weighting coefficients for the GPS data assimilation procedure are calculated as the inverse of the mean square difference between the observed and the simulated ln a, calculated from the background field-using a total of 4306 CHAMP occultations in May 2002. The mean square differences in terms of ln a are shown in Fig. 2 . The error variances compare favorably with the total bending angle errors estimated by Palmer et al. (2000) . As tested in Shao and Zou (2003) , such an estimate of the observation error variance based on observational increments produces a reasonably good result.
The observation operator for the bending angle assimilation consists of a ray-tracing model, whose basic physical concepts and numerical procedures were described in Zou et al. (1999) . Several improvements made to the ray-tracing model were presented in Liu and Zou (2003) . In the ray-tracing model, the Earth is assumed spherical with a single radius ðr loc Þ of local curvature for each occultation. At the tangent point, r loc is related to the impact parameter through the following relationship:
where n is the index of refraction and z MSL is the tangent point mean sea level height. At and above a height of 40-km height, n A 1. Therefore, the radius of the local curvature of the Earth for each occultation is calculated in the forward ray-tracing model as the difference between the impact parameter and the altitude of the ray:
where a t and z MSL are provided in the CHAMP level-2 data. This ensures the consistency in the calculation of the local curvature radius of the Earth between the ray-tracing model and the CHAMP data and therefore eliminates the need for an impact parameter offset that was present in our previous studies (Liu et al. 2001; Liu and Zou 2003) . The ray integration starts from the observed perigee point and is carried out in two opposite directions, one toward the LEO satellite and the other toward the GPS satellite. This proves to be a more accurate scheme than the original scheme in which the simulated ray path starts from a virtual GPS position (Liu and Zou 2003) . The newer technique ensures that the impact parameter and the tangent direction of a simulated ray at the perigee point, where the most bending of the ray occurs, are closer to the actual measurements than in the original technique.
Numerical results
We have combined the background state vectors and all other observations with and without bending angle profiles from CHAMP occultation observations from July 16 th to July 31 st , 2002. The background state vectors are generated by 6-h forecasts using the NCEP global spectral model at T170L42 resolution. We first discuss the results in terms of temperature, specific humidity and surface pressure differences between the 3D-Var solutions with and without CHAMP GPS occultations. The 3D-Var results are then compared with collocated radiosonde and dropsonde observations in terms of temperature, specific humidity and surface pressure. The differences are expressed by the mean and the standard deviation on latitude versus height and/or longitude versus height cross sections. Figure 3 shows the zonal mean temperature differences between GPS and NO-GPS analyses averaged over the two-week period. The smaller temperature differences between the solution with and without CHAMP occultations in the Northern Hemisphere in Fig. 3 reflects the relatively smaller temperature errors in the Northern Hemisphere analysis compared to the Southern Hemisphere analysis in the absence of CHAMP occultations. The GPS analyses are significantly warmer than the NO-GPS analyses south of 30 S in the entire troposphere (except in a cold pocket between 45-85 S and approximately 300-500 hPa). Large temperature increases in the GPS solution are found in the middle and high latitudes. The maximum is over 2.1 K located around 80 S near the surface. It should be noted that the variation of surface height is very large around this latitudinal circle. There is a small low-latitude cooling impact between s ¼ 0:3 and s ¼ 0:15 in the GPS, indicating a better representation of the extremely cold temperatures at the tropopause by the high vertical resolution of GPS observations compared to the other satellite observations that are used in the analyses. Above the tropopause in the tropics, a weak systematic warming is also observed. Except for the lower troposphere near the north pole, the mean temperature changes introduced by CHAMP occultations are less than 0.3 K in the Northern Hemisphere. The standard deviations of the temperature changes in the Southern Hemisphere are also larger than in the Northern Hemisphere. The region of large standard deviations coincides with a region of large warming produced by the GPS observations in the Southern Hemisphere, indicating significant disagreement between the model and GPS observations in individual profile structures as well as their average. These results indicate a likely significant operational impact of RO observations in the Southern Hemisphere.
Analysis differences
The average zonal mean specific humidity differences between GPS and NO-GPS analyses are shown in Fig. 4 . The GPS solution is drier than the NO-GPS solution throughout the troposphere below 700 hPa and north of 30 S where the water vapor content is substantial in this season. The locations of the greatest water vapor changes are different from those of the temperature changes (compare Figs. 3 and 4) . The maximum drying impacts of more than 0.2 g kg À1 occur near the north pole, 850 hPa, and in the northern subtropics around 900 hPa. The drying impact generally increases toward low latitudes. These results are consistent with those of Kursinski and Hajj (2001) , who found that the GPS/MET RO observations below 6 km are generally drier than the ECMWF analyses, with the difference generally increasing toward warmer temperatures. Above about 700 hPa, the GPS analysis is wetter than the NO-GPS analysis, with the largest increase of specific humidity (> 0.1 g kg À1 ) primarily located in the Southern Hemisphere between 0 -60 S and just north of the equator near 650 hPa. Kursinski and Hajj (2001) found that the GPS/MET observations are more moist than the NCEP analyses in the lower troposphere of low latitudes (10 S-30 N), which is not seen in our GPS analyses (Fig. 4) . Since the moistening impact of the GPS/MET observations in this region was not found with the ECMWF analyses by Kursinski and Hajj (2001) , we believe this difference in the GPS impact on the NCEP analyses between our study and that of Kursinski and Hajj (2001) in this region results from the reduced dry bias in the NCEP analyses since 1995, as well as the limited number of GPS/MET profiles probing the low-latitude, near-surface environment. In addition, different approaches used in both studies may also contribute to this disagreement. Standard deviations are largest at the equator, reaching a peak value of more than 0.3 g kg À1 , near 5 S and 700 hPa. Figure 5 shows the latitudinal dependence of the zonal mean differences between GPS and NO-GPS surface pressure analyses. In the Northern Hemisphere, where there are relatively many radiosonde and surface observations, the GPS analysis is close to the NO-GPS analysis. In the Southern Hemisphere, the mean surface pressure from the GPS solution is larger than that of the NO-GPS solution. The larger magnitude of surface pressure impact in the Southern Hemisphere compared to the Northern Hemisphere is a result of a larger bias in the background bias in the Southern Hemisphere. The standard deviations of the surface pressure differences between the GPS and NO-GPS solutions (Fig. 5b) reach a maximum of approximately 1.0 hPa, which is consistent with the surface pressure analysis error estimate.
In order to examine the effect of the dense radiosonde network in the Northern Hemisphere, which imposes additional constraints on the surface pressure analysis, we calculated the surface pressure analysis differences between GPS and NO-GPS over a data-void area in the Pacific (180 W-120 E) and a data-dense longitudinal band (70 E-130 E) (Fig. 5) . Results in Fig. 5 indicate that the mean surface pressure difference between GPS and NO-GPS is very small in both longitudinal bands in the Northern Hemisphere.
Analysis verification with collocated radiosonde and dropsonde observations
Out of 3030 CHAMP occultations, there are 229 occultations with at least one collocated radiosonde and/or dropsonde profile that has more than five levels of data and is observed within a G3-h time window and a 200-km distance. In order to conduct an independent verification for the bending angle assimilation, we excluded these collocated radiosonde and dropsonde observations (a total of 264) from both experiments (NO-GPS and GPS). The locations of these CHAMP occultations are shown in Fig.  6a ; the lowest perigee point heights of these occultations are shown in Fig. 6b ; and the latitudinal distributions of collocated radiosondes in time are shown in Fig. 6c . Most of the conventional observations selected for verification are located in the middle latitudes of the Northern Hemisphere. Many of the CHAMP occultations reach to very low altitudes (at least 30 reached below 1.0 km). For comparisons between the analyses and conventional observations, the analyses are interpolated to the locations of observations. The mean and standard deviations of the differences between the temperature and specific humidity analyses obtained by NO-GPS and GPS and the independent soundings are presented in Figs. 7-8. Comparisons are made for two areas: the relatively data-rich North and the relatively data-poor Southern Hemisphere (10-90 S, 0-360 E). In the Southern Hemisphere, analyses without CHAMP data are systematically colder than conventional observations below 400 hPa (solid line in Fig. 7a ). The cold bias in the GPS analyses is significantly reduced (a 40% reduction). In the upper troposphere, the analyses without GPS observations are slightly warmer than conventional observations. This warm bias is reduced slightly when GPS observations are assimilated. The GPS analyses near the top (0-50 hPa) of the atmosphere are colder than the NO-GPS analyses and conventional observations, which is probably a result of a GPS observational bias at these high altitudes. The differences between NO-GPS and GPS temperature analyses in North America (Fig. 8) are much smaller than in the Southern Hemisphere (Fig. 7) . Both the biases and standard deviations of the differences are reduced by assimilating GPS observations.
The impact of CHAMP data on the water vapor analyses in the Southern Hemisphere and North America varies with altitude ( Fig. 7b and  8b) . The results are difficult to interpret because the radiosondes tend to have a dry bias in the upper troposphere. Furthermore, water vapor can vary greatly over spatial scales smaller than 200 km, and so radiosondes can have significant representativeness errors compared to large-scale analyses (Kuo et al. 2003) . However, the mean differences in all cases are small (generally less than 0.25 g kg À1 ). Adding CHAMP observations in both the Southern Hemisphere and North America increases the mean amount of water vapor in the analyses compared to the radiosondes above 800 hPa and dries the analyses below this level. The standard deviations of the differences in the analyses compared to radiosondes are reduced at all levels, except near the surface. The negative N-bias found in RO observations in the moist lower troposphere (Rocken et al. 1997; Kuo et al. 2003 ) may contribute to the observed drying of the analyses in the lower troposphere. Future GPS RO observations with the adoption of open-loop tracking and the removal of the navigation modulation from the GPS signal will significantly reduce such a bias ).
Forecast results with and without CHAMP occultations
Five-day forecast experiments initialized with GPS and NO-GPS analyses at 12 UTC from July 16 th to July 31 st , 2002 are carried out using the NCEP global spectral model at T170L42 resolution (same resolution as the data assimilation experiments). Figure 9 shows the root-mean-square (RMS) error of geopotential height at 500 hPa, specific humidity at 850 hPa and surface pressure in the Southern Hemisphere. Figures 10-11 show the anomaly correlation of geopotential height at 500 hPa in the Southern Hemisphere. Figure 12 presents the RMS error of geopotential height at 500 hPa and specific humidity at 850 hPa in the Northern Hemisphere tropics (0-30 N). Results in the Southern Hemisphere are calculated over traditional verification areas (i.e., 20-80 S) following the NCEP's standard procedure. The GPS analyses are used as verification dataset for the RMS calculations and the NCEP climatology is used for anomaly calculation. Marginal, but discernable improvements in the forecast skill are seen in both hemispheres. A further breakdown in terms of spatial scales in AC scores reveals that the Fig. 9 . The RMS errors of (a) 500 hPa geopotential height, (b) 850 hPa specific humidity, and (c) surface pressure forecasts in the Southern Hemisphere from one to five days. The solid line is for the NO-GPS forecasts, and the dashed line is for the GPS forecasts.
improvements mainly come from a better description of the evolution of synoptic scales. In the daily performance scores shown in Fig. 11 , the advantage of including the GPS observations stands out much more clearly after about one week, which we consider to be the forecast analysis spin-up time period. No substantial impact is found in the Northern Hemisphere north of 30 N (not illustrated). In order to examine the impact of 6-h continuous cycling, we have plotted the daily variation of the RMS error of the 500-hPa height for five forecast days from July 16 th to July 31 st , 2002 in the Southern Hemisphere (Fig. 13) . A more significant impact of CHAMP RO observations is observed during the second week of the continuous data assimilation cycling than within the first week of the cycle, especially for the day-1 and day-2 forecasts. In other words, with the current CHAMP data density, it seems to take about one week for the analysis to be ''spun-up'' and to show an impact on the Southern Hemisphere.
The GPS analyses are used for verification of forecasts shown in Figs. 9-13. Figure 14 shows the rms error of the five-day forecasts initialized with both the NO-GPS and GPS analyses verified with the NCEP operational analyses. The rms error of the NCEP operational forecasts is also shown in this figure (dash- dotted line). As seen clearly, forecasts initialized with either NO-GPS or GPS analyses are not as skillful as the NCEP operational forecast due to the omission of AMSU radiance data in these two experiments. However, the addition of CHAMP GPS RO observations reduces the rms forecast error in the Southern
Hemisphere even when the NCEP operational analyses are used for verification.
Summary and conclusions
The German/US CHAMP mission, carrying a new generation GPS receiver, has provided about 200 RO observations daily since February 11, 2001 . Almost fifty percent of CHAMP occultations descend to a height lower than 850 hPa, which alleviates one of the limitations of the GPS/MET experiments. The CHAMP observations allow the added value of RO observations to global analyses and forecasts to be assessed using a recently improved observation operator and the 3D-Var system for assimilating GPS RO bending angles.
The impact of RO observations on global analyses and forecasts are assessed in the presence of other observations (excluding the NOAA-16 AMSU radiances) for the first time. The NCEP SSI analysis system is used for data assimilation, and the NCEP global spectral model is used for forecasts. Both data assimilation and forecast experiments are conducted at T170L42 resolution. CHAMP RO bending angles from July 16 th to July 31 st , 2002 are included in the NCEP SSI analysis system. A total of 3030 occultations that were processed by UCAR CDAAC during this period are included in a two-week data assimilation cycle. Of the 3030 total CHAMP profiles, 229 occurred within a G3-h time window and a 200-km distance of at least one radiosonde or dropsonde profile. These collocated in-situ observations are excluded from both data assimilation experiments for evaluation purposes. Analyses produced with CHAMP bending angle observations are compared with analyses produced without CHAMP observations. The following are major findings:
The analyzed temperatures in the Southern
Hemisphere become higher when CHAMP data are included. Since the analyses without CHAMP observations have a cold bias error in the Southern Hemisphere, inclusion of CHAMP observations reduces this cold bias significantly. 2. When CHAMP observations are included, the analyzed water vapor decreases in the lower troposphere (below 700 hPa) and increases in the middle troposphere (400- 700 hPa), particularly in the mid-latitudes of the Southern Hemisphere, the tropics and the subtropics. Adding CHAMP observations in both the Southern Hemisphere and North America increases the mean amount of water vapor in the analyses compared to independent soundings above 800 hPa and dries the analyses compared to the soundings below this level. 3. Inclusion of CHAMP observations does not produce significant changes in the average surface pressure analysis in the Northern Hemisphere. However, a slight increase of the average surface pressure (maximum 1 hPa) is observed in the Southern Hemisphere. 4. One-to five-day forecasts initialized with and without CHAMP observations demonstrate that the forecast skill is improved slightly with the inclusion of CHAMP data in the Southern Hemisphere and in the Northern Hemisphere tropics.
It appears that the number of CHAMP observations is still too small (about 25 occultations within a 6-h time window in the Northern Hemisphere) to make a significant difference in the Northern Hemisphere analyses. Problems associated with humidity analysis in the lower troposphere for GPS data assimilation, which may be related to the negative N-bias in some of the CHAMP data, need to be studied further. The COSMIC constellation of six satellites, to be launched in late 2005, will provide up to 3000 soundings per day globally . The COSMIC mission will enable the testing of the impact of a large number of RO soundings on operational NWP in real time.
the vector u t mer lies in the meridian plane. We notice that the direction of u t mer is the local direction of north at the perigee point. Thus, according to its definition, the azimuth angle A z provided by CHAMP data is the angle between u t occ and u t mer (see Fig. 15 ). If the vector normal to the occultation plane ðu n occ Þ and the vector normal to the meridian plane ðu n mer Þ are defined at the right hand side of the vectors u t occ and u t mer , respectively, the angle between these two normal vectors is equal to A z based on simple geometrical relationships shown in Fig. 16 .
Having introduced the relationships among u t occ ; u t mer ; u n occ ; u n mer , and A z , it is easy to show how the normal vector u n occ can be calculated from the known azimuth angle and the position of the perigee point on the sphere. Since the perigee point position vector r t lies in both the meridian plane and the occultation plane, it is perpendicular to both u n occ and u n mer . A local Cartesian coordinate system ðx 0 ; y 0 ; z 0 Þ can be defined as shown in Fig. 17 . The center of the coordinates is at the perigee point P t . The vertical axis ðz 0 Þ is defined by r t , the x 0 -axis is defined by u 
where R is a 3-dimensional rotation matrix around the axis z 0 by an angle A z in the clockwise direction. A ray passes through the atmosphere from a GPS satellite to a LEO satellite. P t is the perigee point of the ray. O is the center of the local curvature. With O as the origin, a sphere is defined as passing through the tangent point P t . Two major planes, the meridian plane and the occultation plane, intersect the sphere at the perigee point. The tangent vectors at P t in these two planes are defined as u t mer and u t occ . u t mer is the unit tangent vector in the meridian plane, pointing from P t in the direction of the local north. u t occ is the unit tangent vector in the occultation plane, pointing from P t in the direction of the GPS satellite. u The coordinate center is at P t . The vertical axis z 0 is in the direction of r t and the x 0 À y 0 plane is defined by u In a right-handed global Cartesian coordinate system defined at the origin O, the three components of the unit perigee point position vector r t /jr t j are functions of the geodetic latitude ðfÞ and longitude ðlÞ of the perigee point:
x t ¼ cos f cos l; ð4Þ y t ¼ cos f sin l; ð5Þ
Similarly, the three components of the unit vector normal to the meridian plane, u 
The 3-dimensional rotation matrix R is (Glassner 1990) 
Therefore, all values at the right hand side of the equation (3) can be derived from given CHAMP data using (4)-(9). 
